TiO 2 nanotube arrays have attracted a great deal of attention as photocatalytic and photoelectrode materials due to their large surface area, low cost and easy fabrication. Highly ordered TiO 2 nanotube arrays for the photoelectrodes in dye-sensitized solar cells have been fabricated from Ti foil. However, the TiO 2 nanotube arrays from Ti foil were not effective for the photocatalytic materials, because it had only one plane for the photocatalytic reaction. We have fabricated the TiO 2 nanotube arrays from macroporous Ti metal membrane by anodic oxidation and tried to scale it up. Various factors were controlled to obtain the optimal microstructure of the TiO 2 nanotube arrays on the surface of macroporous Ti metallic membrane. Microstructure and phase were studied by SEM and XRD, respectively. Temperature was a very important factor in anodic oxidation of large surface area. 10 µm thick TiO 2 nanotube arrays on Ti metallic membrane having a large surface area were fabricated and some factors for scaling-up were discussed.
Introduction
TiO 2 is known to be the most effective photocatalyst, and photocatalytic degradation using TiO 2 is one of the most promising methods to eliminate the refractory organic contaminants in water and wastewater [1] [2] [3] [4] [5] [6] . TiO 2 materials make it possible for the organic contaminants to be easily removed at ambient temperature and pressure [7] [8] [9] [10] . The coupling of TiO 2 photocatalytic reaction with membrane separation process can take advantage of the synergy of both technologies. Utilization of UV radiation coupled with TiO 2 can also enhance the oxidizing power to remove the organic contaminants [11, 12] . However, the use of TiO 2 nanoparticles as photocatalysts in aqueous suspensions is limited in commercial applications because the separation process for TiO 2 nanoparticles is additionally required. To avoid the additional process, * E-mail: cwy@gwnu.ac.kr considerable work has been performed to develop immobilized TiO 2 nanoparticles on various substrates, such as thin films and membranes [13] [14] [15] . The photocatalytic activity of immobilized TiO 2 nanoparticles is low due to exfoliation of the deposited TiO 2 thin film and because of reduction of the effective surface area that is to be illuminated [16] .
TiO 2 nanotube arrays have attracted much attention because of their large specific surface area for the photocatalytic reaction [17, 18] . There is no need to separate TiO 2 , because TiO 2 nanotube arrays are grown on the Ti metallic substrate [14, [19] [20] [21] [22] . TiO 2 nanotube arrays on Ti metallic substrate have been studied for photocatalytic degradation of organic contaminants [14, [23] [24] [25] [26] . Ti metallic membrane with macroporous structure can allow water to flow through the membrane.
In this work, Ti metallic membrane with macroporous structure was selected to improve the permeability of water and photocatalytic efficiency 
Experimental
TiO 2 nanotube arrays were fabricated by anodic oxidation of 1.0 mm thick Ti metallic membrane (∼98 %, Xinxiang Xinli Purification Tech. Co., Ltd.) in ethylene glycol solution containing 0.3 wt.% NH 4 F and 2 vol.% H 2 O. Anodic oxidation was conducted at a constant potential with a DC power supply (E3643A, Agilent Technologies, Inc., USA). Current variation during anodization was monitored using a digital multimeter (34401A, Agilent Technologies, Inc., USA). The DC power supply and digital multimeter were computer-controlled by GPIB interface and LabVIEW program. A constant potential of 60 V or 20 V with a ramping speed of 1 V/s was applied between the anode and the cathode. Tantalum was used as a counter electrode. Fig. 1 shows a schematic diagram of anodic oxidation system for large scale Ti metallic membrane. After anodic oxidation, TiO 2 nanotube arrays were rinsed with DI water and annealed at 500°C for 1 hour for the phase transformation. The pore size, wall thickness, and length of TiO 2 nanotube arrays were determined by field emission scanning electron microscopy (FE-SEM, Philips XL 30SFEG) at Korea Basic Science Institute. Annealed TiO 2 nanotube arrays were analyzed by XRD (X-ray diffractometry, Rigaku D/MAX-RC, CuKα radiation). For anodic oxidation of large Ti metallic membrane, various areas, such as 2 × 3 cm 2 , 3 × 3 cm 2 , 10 × 10 cm 2 , 12 × 15 cm 2 , were selected and anodized. Temperature was controlled during anodic oxidation. Transient currents measured by digital multimeter (Agilent 34401A) were monitored.
Results and discussions
Microstructure of Ti metallic membrane was observed by FESEM. Fig. 2a and 2b show the plane views of Ti metallic membrane before anodic oxidation at low magnification and high magnification, respectively. There are macropores, and water with organic contaminants flow through the macropores. The path of water through the macropores is very long and it can provide a sufficient time for photocatalytic reaction. After anodic oxidation, highly ordered TiO 2 nanotube arrays were obtained on the surface of Ti metallic membrane. Fig. 2c and 2d show FESEM images of TiO 2 nanotube arrays fabricated by anodic oxidation in ethylene glycol solution containing 0.3 wt.% NH 4 F and 2 vol.% H 2 O. Anodizing voltage and time were 60 V and 20 min, respectively. To compare the top image of Ti metallic membrane before anodic oxidation with that after anodic oxidation, a part of Ti metallic membrane was masked and anodized. Fig. 2c shows the top image of Ti metallic membrane before and after anodic oxidation at once. TiO 2 nanotube arrays and TiO 2 nanotubes are hexagonally close-packed together. The very clean and open TiO 2 nanotube arrays are observed. Their pore size, tube diameter, and wall thickness are ∼80 nm, ∼120 nm, and ∼20 nm, respectively. The thickness of TiO 2 nanotube arrays is ∼10 µm. Some cracks on the surface of Ti metallic membrane resulting from the difference of thermal expansion coefficients between To investigate scale-up factors in anodic oxidation, four sizes of samples, i.e. 2 × 3 cm 2 , 3 × 3 cm 2 , 10 × 10 cm 2 , and 12 × 15 cm 2 were prepared. These samples were anodized with anodizing voltage of 20 V in ethylene glycol solution containing 0.3 wt.% NH 4 F and 2 vol.% H 2 O. When anodizing voltage of 60 V was applied to the sample of 12 × 15 cm 2 , the transient current was dramatically increased and the current was higher than 1 A. Lower voltage of 20 V was selected to avoid an electric shock. Fig. 3 shows FESEM images of TiO 2 nanotube arrays obtained from Ti metallic membranes with the size of 2 × 3 cm 2 , 3 × 3 cm 2 , 10 × 10 cm 2 , and 12 × 15 cm 2 , respectively. TiO 2 nanotube arrays are similar to those grown by anodic oxidation at 60 V. Surface morphology of TiO 2 nanotube arrays obtained at 20 V is less clean than that obtained at 60 V.
Anatase in various TiO 2 crystalline phases has been reported as the best phase for photocatalytic reaction. To obtain anatase TiO 2 nanotube arrays, as-anodized TiO 2 nanotube arrays were annealed. Fig. 4 shows X-ray diffraction (XRD) spectrum of 
Conclusions
To increase the photocatalytic degradation efficiency on the refractory organic contaminants in water, TiO 2 nanotube arrays on the surface Ti metallic membrane were fabricated by anodic oxidation. Ti metallic membranes with various surface areas were anodized and their microstructures were studied. TiO 2 nanotubes were hexagonally close-packed together and their crystalline phase was changed into the anatase phase by annealing at 500 • C. High transient current of ∼0.9 A was measured for 12 × 15 cm 2 sample. Joule's heat resulting from the high transient current should be controlled to keep the optimal anodizing temperature. Temperature and transient current were very important factors in anodic oxidation for large scale Ti metallic membrane fabrication.
